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There is a need to examine the difference in the relationship between oxygen
．
uptake (VO2) and output from hip- and wrist-worn accelerometers in adults with Down
syndrome (DS). The purpose of this study is to identify if that relationship is different
between adults with and without DS. Hip- and wrist-worn accelerometer accuracy was
also assessed. The sample included 16 adults with DS (10 men; age 31±15 years) and 19
．
adults without DS (10 men; age 24±6 years). We measured VO2 with a portable
spirometer and accelerometer output (Vector Magnitude [VM]) with a hip- and a wrist．
worn accelerometer. VM and group were significant predictors of VO2 (p≤0.021). BMI
became a significant predictor in the second model and DS was no longer significant for
both accelerometer models. The Bland-Altman plots indicated nearly zero mean error for
both groups. Hip-worn accelerometers showed greater accuracy, and showed less error
based on 95% confidence intervals.
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CHAPTER I
INTRODUCTION
Down syndrome (DS) is the result of a chromosomal abnormality in which there
is an extra full or partial copy of chromosome 21 (Roizen, 2012). DS is one of the most
common birth defects in the U.S. at approximately 6,000 births annually, which is
estimated to be 14 of every 10,000 births (Presson et al., 2011). People with DS have
very low levels of physical activity (PA) and high levels of sedentary behaviors
(Draheim, Williams, & McCubbin, 2002; Phillips & Holland, 2011). Risk of coronary
artery disease, stroke, and obesity in persons with DS have been documented as
associated consequences of living a sedentary lifestyle (Draheim et al., 2002). The
existing knowledge on PA in people with DS suffers from problems with objective PA
assessment. Tri-axial accelerometers, which present the gold standard approach to
objective PA assessment, have not been calibrated in persons with DS. Improving PA
assessment in people with DS can lead to a better understanding of their PA levels and to
better interventions for increasing their PA and quality of life.
One goal of objective PA assessment with accelerometers is to predict the rate of
．
．
oxygen uptake (VO2) during activities from accelerometer output. VO2 is a measure of
the energy expenditure and is used to indicate the intensity of PA. For example, the
．
threshold of moderate-intensity PA is believed to occur at a VO2 of three times the
．
resting VO2 (i.e., three metabolic equivalent units). Little research has been done on the
1

．
relationship between VO2 and accelerometer output in persons with DS. One previous
．
study found that the relationship between VO2 and output from a uniaxial Actigraph
accelerometer during walking is different in persons with DS from persons without
．
disabilities (Agiovlasitis et al., 2011). Persons with DS in that study had higher VO2 at a
given accelerometer output compared to persons without DS. The researchers theorized
that this was due to greater compensations to lesser mediolateral gait stability and lower
aerobic fitness (Agiovlasitis et al., 2011). Recently, however, triaxial accelerometers have
been introduced in research and practice of PA monitoring. Therefore, we do not know, if
．
the previous finding on the altered relationship between VO2 and output from uniaxial
accelerometers in persons with DS also applies to triaxial accelerometers. Furthermore,
we do not know, if this altered relationship is the case during different activities of daily
living—not only walking—as well as during sedentary behaviors. Calibration of
．
accelerometer output against VO2 requires the inclusion of many activities of daily living
and sedentary behaviors.
The accuracy of accelerometers may depend on the sites where they are
positioned. Researchers place accelerometers either on the hip or wrist. Accelerometers
worn on the wrist may bring some advantages in measuring PA in persons with and
without DS. Hip-worn accelerometers may measure ambulatory activities better than
wrist-worn accelerometers because they are positioned near the body’s center of mass,
and may better capture the altered gait patterns of persons with DS. Wrist accelerometers,
however, may assess upper-body non-ambulation movements that are not captured by
accelerometers worn on the hip (Agiovlasitis et al., 2012). Furthermore, the National
Health and Nutrition Examination Survey—a surveillance system that monitors the PA
2

levels of the U.S. population—presently employs a triaxial accelerometer positioned to
the non-dominant wrist. Placing an accelerometer on the non-dominant wrist may have
advantages over placing it on the dominant wrist. The dominant wrist may be highly
active during low intensity upper-body activities such as writing, or sedentary behaviors
such as computer games. Therefore, placing an accelerometer on the dominant wrist
．
could introduce error in estimating VO2 from accelerometer output. No research has been
conducted comparing the accuracy of wrist- and hip-worn accelerometers in persons with
DS.
Therefore, this study examined the following research questions:
Question 1: Are there differences between adults with and without DS in the
．
relationship between VO2 with the output from hip-and wrist-worn
accelerometers across different activities and sedentary behaviors?
．
We hypothesized that there will be differences between groups in the relationship of VO2
with the output from hip-and wrist-worn accelerometers across different activities and
sedentary behaviors.
Question 2: How accurate are hip- and wrist-worn accelerometers in estimating
．
the VO2 across different activities and sedentary behaviors in adults
with and without DS?
We hypothesized that accelerometers worn on the non-dominant hip or on the non．
dominant wrist will provide accurate estimates of VO2 in adults with and without DS.

3

CHAPTER II
REVIEW OF THE LITERATURE

Introduction
This review is an examination of physical activity (PA) measurement in adults
with Down syndrome (DS) using accelerometers, and of the effect of accelerometer
placement. In this review, there will be discussion on what DS is, and why that is
important to the field of exercise science. Building off that is the importance of the
individual health of those with DS, what the general levels of PA in this population
exemplify, and how the relationship between health and physical activity levels tie
together. Measurement of PA will also be a driving force in this study. It is important to
know how professionals in the field measure levels of physical activity in different ways,
and why each method is unique and important. Measurements of physical activity can be
objective and subjective. Once an understanding of how PA is measured, focus is placed
on why PA is different between persons with and without DS. PA is important for
improving health in all people and this applies to persons with DS who are at high risk
for many health conditions. There is also evidence that placement of accelerometers and
pedometers can affect the measurement accuracy of PA. Improving PA measurement in
adults with DS is essential for PA and health promotion in these individuals.

4

Down syndrome
Definition
Abnormalities in Chromosome 21 cause DS (Roizen & Patterson, 2003). In 1959,
scientists Lejuene, Gautier, and Turpin discovered that a third copy of chromosome 21
causes DS. Abnormalities in Chromosome 21 can be linked to greater maternal age. The
dysfunction that leads to the extra copy of Chromosome 21 is identified in the egg from
the mother (Allen et al., 2009). Genes on chromosome 21 deal with mitochondrial energy
generation, and these same genes have been linked to mitochondrial dysfunction in DS
and Alzheimer’s disease (Roizen, 2012). In 2001, Capone discovered ten genes on
chromosome 21 that were linked to neural dysfunction in people with DS. His studies
done on mice could prove that these ten genes on chromosome 21 are responsible for
learning dysfunction, deficits in craniofacial development, and neuropathological changes
(Roizen, 2012).
People with DS often have intellectual impairment. For most, intellectual function
improves within the first decade of life and plateaus at adolescence (Roizen & Patterson,
2003). Compared to other people with intellectual disability, people with DS have a
significantly lower incidence of behavioral and psychological disorders (Wilde, Mitchell,
& Oliver, 2017). There is also a much lower rate of aggressive behavior among people
with DS compared to non-specific intellectual disability (Wilde et al., 2017). About
17.6% of individuals with DS under the age of 20 have a psychiatric disorder, which is
most commonly major depressive disorder (Roizen, 2012). Alzheimer’s disease is
another complication many people with DS have. This disease normally sets in during the
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fifth decade of life. Although life expectancy was on average low for people with DS, the
average expectancy of life increased from 25 in 1983, to 49 in 1997 (Roizen, 2012).
Prevalence
DS is one of the more prominent causes of birth defects in the United States
(Presson et al., 2013). As maternal age increases so does the risk of having a child with
DS (Roizen & Patterson, 2003). At the maternal age of 20 there is 1 in 1,600 chance of
having a child with DS; however, when the maternal age reaches 45, the rate increases to
1 in 50 (Roizen & Patterson, 2003). DS results in about 60,000 live births annually.
Between 1979 and 2003, the DS birth rate increased from 8.9 per 10,000 births to 11.6
per 10,000 births (Besser, Shin, Kucik, & Correa, 2007). Another study showed that
between 2004 and 2006, there was an estimated 13.56 of 10,000 births that resulted in
DS. The most recent estimate shows 14.47 of 10,000 live births resulted in DS (Parker et
al., 2010).

Health status of People with Down syndrome
Some of the conditions that are associated with having DS include congenital
heart disease, sensory impairments, endocrine abnormalities, growth and obesity issues,
problems with bone, gastrointestinal issues, epilepsy, as well as blood and skin disorders
(Stancliffe et al., 2012). Developmental problems are also very common (Stancliffe et al.,
2012). People with DS over 35 years of age commonly neurological problems that are
consistent with Alzheimer’s disease. Most adults with DS will develop dementia by 50
years of age (Zigman et al., 2007). People with DS have a significantly higher risk
6

(35.9%) of cardiovascular incidence than people without DS (Sobey et al., 2015). People
with DS also have a much higher risk of diabetes mellitus, hypertension, and sleep apnea
than people without DS (≤ 50 years of age) (Sobey et al., 2015). Out of eleven current
diseases associated with DS, each person with DS averaged four diseases (Pikora et al.,
2014). The medical conditions currently seen in young adults with DS, vison impairments
were observed the most (Pikora et al., 2014). Muscle and bone conditions, along with
issues with weight, were among the other main health issues identified (Pikora et al.,
2014). Females with DS tend to have a higher prevalence for most conditions than males.
Females have a greater prevalence of weight issues (77.0% vs 41.8%) and thyroid
conditions (41.4% vs 14.5%), but have lower prevalence than males in bone and muscle
issues (66.7% vs 49.4%) (Pikora et al., 2014). Infants with DS have hyptonia (floppiness
without weakness) and delayed gross-motor development (Roizen, 2012). Children with
DS do not speak until around 18 months of age, and by the age of 2 they have noticeable
speaking deficiencies (Roizen, 2012). People with DS have a higher risk of behavioral,
emotional, and psychiatric problems compared to the average population (18%-23%)
(Roizen, 2012). Individuals with DS experience behavioral, emotional, and psychological
problems less often than people with other forms of intellectual disability (30%-40%)
(Roizen, 2012).
Physical activity levels of adults with Down syndrome
Adults with an intellectual disability participate in a much lower level of PA than
healthy adults. PA level varies depending on severity of the intellectual disability (Bartlo
& Klein, 2011). Existing data from both subjective and objective measurements have
shown that most populations with DS do not perform the recommended levels of PA
7

(Draheim et al., 2002). As a person with DS ages, the level of physical activity continues
to drop. It is uncertain whether the decline in PA in those with DS is similar to healthy
population, but it is certain that there is a steady decline. Those with DS participate in
several activities such as cycling, dancing, ball games, and swimming, but not at high
enough frequency or intensity to matter (Draheim et al., 2002). One study found that
adults with DS participate on average in about 120.7 min per day in light PA and about
33.7 min per day in moderate PA, while only 2.1 minutes per day are spent on vigorous
levels of PA (Phillips & Holland, 2011). Similarly, a study was done with 257 elderly
adults (age ≥ 50 years) with intellectual disabilities (Hilgenkamp, Reis, Wijck, &
Evenhuis, 2012). This study showed that there are great limitations to results of
pedometer usage for PA tracking in the elderly population with intellectual disabilities.
Less than 252 of the participants could maintain walking speeds above 3.2 kilometers per
hour. In addition, there was a higher rate of uncooperative participants that could not
maintain walking speed in elderly populations with intellectual disabilities, including
those with DS (Hilgenkamp et al., 2012). Of the participants with DS, only 16.7% could
comply with walking the set goal of 10,000 steps per day; 36.7% took 7,500 steps a day
or more, while 39% were considered sedentary, walking less than 5,000 steps per day
(Hilgenkamp et al., 2012).
Physical inactivity is very common among individuals with DS. On average,
people with intellectual disabilities spend 608.1 minutes per day in sedentary behavior
(Phillips & Holland, 2011). The overall prevalence for men that participate in little to no
PA is 51.3% and the number of women who have DS and participate in little to no PA is
47.3% (Draheim et al., 2002). Although sedentary behaviors are a high concern in people
8

with DS, peer interaction can promote higher levels of PA as seen in adolescent
populations with DS (Izquierdo-Gomez et al., 2015).With these observations, it will be
just as important to further research the measurement so that PA levels can be
understood. This low level of PA indicates the need for PA programs in this population.
Barriers to exercise and PA can be observed in people with DS. In a study done
involving 44 adults with DS, it was shown that 41% did not participate in PA. Of the
person with DS that did participate in exercise, walking was the main activity practiced
(Mahy, Shields, Taylor, & Dodd, 2010) (Heller, Hsieh, Rimmer, 2003). The study also
reported little leisure time activities at 36% participating in leisure time activities (Heller
et al., 2003). Another study showed that caregivers and outside influences play a strong
role in PA levels in people with DS (Mahy, Shields, Taylor, Dodd, 2010). It is shown that
lower levels of PA can be related to their caregivers in some situations, and that
educating these caregivers can lead to better results in participating in PA for people with
DS (Mahy et al., 2010). If these barriers are identified and acted upon, improvements
could be identified in people with DS in regard to PA levels.
Measurement of physical activity
Objective Measurement
Accelerometers are very valid and reliable tools of objective PA measurement.
Accelerometers have been shown to be highly accurate when relating walking intensity at
light, moderate, and vigorous levels of PA (Nichols, 1999). Uniaxial accelerometers
record PA data only in the vertical plane. Triaxial accelerometers, however, record PA
data in the vertical, anterior-posterior, and mediolateral plane. Daily activity energy
expenditure has been estimated by both uniaxial and triaxial accelerometers, but which
9

device is more accurate is uncertain (Howe, Staudenmayer, Freedson, 2009).
Determination of the link between the health of those with DS and physical inactivity is
shown accurately through accelerometer measurements, but not specifically to persons
with DS. Accelerometers must be calibrated against actual energy expenditure to ensure
correct measurements. Wrist worn accelerometers have shown to be promising due to the
better compliance and variability of assessment types. Actigraph accelerometers are
being used commonly in research, but different methods are needed to convert
accelerometer count rates to PA assessment markers (Crouter, Flynn, Bassett, 2015).
Accelerometers are good assessment tools for PA levels, but other forms of measurement
are used as well.
Pedometers also show a high level of reliability in showing number of steps of
participants. For standard day to day walking, pedometers recorded no more than 1.8%
error. It is standard that all brands of pedometer record 3% or less margin of error for step
counts (Holbrook, 2009). Stanish (2004) proved that pedometers were accurate in the
measurement of steps during fast and normal walking speeds on multiple surfaces
(Dixon-Ibarra, Lee, Dugala, 2013). Manns et al. (2007) showed that pedometer errors
may be due to the slower walking speeds and variation of gait in populations with
intellectual disabilities. Multiple studies show that pedometers are accurate, an important
thing to know is that pedometers are used in controlled settings (treadmills and 400m
tracks), but in natural settings more data is needed to prove accuracy (Pitchford & Yun,
2010).
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Questionnaires
Questionnaires can be a fairly accurate form of subjective PA measurement. The
main limitation of questionnaires is that they are prone to recall bias due to their selfreported nature. A lack of specific questions is the downfall to this type of physical
activity assessment. Time frames are not always specified on question relating to PA. The
greater the population of study, the greater validity that is shown in the results of
questionnaire data (Simpson, 2009).
Measurement of physical activity in persons with Down syndrome
Energy Exertion Deficits
Individuals with DS have many physiological traits that can affect the energy
expenditure produced compared to those in healthy populations (Agiovlasistis, Motl,
Fahs, Ranadive, et al., 2011). Because of muscle laxity in populations with DS, physical
exertion is greater than in healthy populations at the same PA levels. Step distance is also
smaller than in healthy populations, causing more exertion at similar walking speeds in
adults with than without DS. Because of laxity in the muscles, adults with DS also have
greater variation in Center of Mass (COM) motion during walking (Agiovlasitis, 2009).
Individuals with DS compensate for lower levels of stability with more step variation of
width, along with greater co-contraction of antagonist muscles. This could explain the
larger amount of energy expenditure accompanied by less work for individuals with
Down syndrome (Agiovlasistis, Motl, Fahs, Ranadive, et al., 2011).
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Placement of Accelerometers
The placement of accelerometers is very important. Placement on the wrist in
children at the age of four showed a greater accuracy reading than the same device placed
on the hips (Johansson, 2016). The increase in accuracy on the wrist is due to the
movements of the upper body versus that of the hip. Accelerometers on the wrist pick up
the movement of the upper body much more effectively than accelerometers placed on
the hip. Furthermore, wrist accelerometers have successfully been used record the
amount of energy expenditure in those without disability. Placement of the
accelerometers on the wrist have an advantage in another since due to the decreased
likelihood of accelerometers being altered in that location, making it ideal for populations
with DS (Agiovlasitis, Motl, Foley, Fernhall, 2012).

Conclusion
Most of the research on DS shows that individuals with DS have many health
conditions. Due to the hindering nature of many primary and secondary conditions that
those with DS face, individuals with DS can have lives of much lower quality than those
without DS. Many researchers have concluded that people with DS have much lower
levels of PA compared to the general population (Agiovlasitis et al., 2012). Over the
course of study in the populations of DS many types of tests have been used to observe
this deficit in PA levels. Of the different types of test equipment that are used to measure
PA levels in those with DS, metabolic respiration research, accelerometers and
pedometers are some of the more popular forms of measuring PA levels. When
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accelerometers are used for PA assessment, placement can be crucial in the data gathered
during the actual study of physical activity.
The rationale for the study is that, if we accurately measure PA in persons with
DS, then we can develop better interventions for improving their PA and health.
Although individuals with DS have lower quality of life due to health complications and
physical inactivity, it is important to support PA in persons with DS. The more we know
about PA in persons with DS, the more that can be done to treat their problems of health
and inactivity.

13

CHAPTER III
METHODS

Participant Recruitment
Participant recruitment started after the study was approved by the Institutional
Review Board. Our goal was to recruit 20 adults with DS and 20 adults without DS. We
attempted to recruit equal numbers of men and women in each group. We recruited
participants with DS from an area within 50 miles of a University campus located in the
Southeastern United States. Recruitment was primarily facilitated through local group
homes, Special Olympics, advocacy groups for persons with disabilities, and contacts
from previous research. Adults without DS were recruited from the local community
around the University. Participants had to meet the following inclusion criteria: (a) age
18-45 years of age; (b) being ambulatory without the need of assistive devices; (c) ability
to understand and adhere to the test procedures. We excluded participants based on these
criteria: (a) inability to understand directions of test procedures during familiarization;
and (b) using assistive devices for ambulation. The groups of participants with and
without DS will be matched for age and gender. Adults with DS who do not have a
legally authorized representative provided written informed consent. Adults with DS
who have a legally authorized representative signed an assent form. In addition, all
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parents or legally authorized representatives of adults with DS signed a permission form.
Finally, all adults without DS provided written informed consent.
Procedures
The procedures for the study took place over three sessions. The first session was
used to familiarize participants with the procedures. Data collection occurred during the
remaining two sessions, each approximately one and a half hours in duration. The
sessions took place in a gymnasium.
Familiarization
At the beginning of the familiarization session, a health history questionnaire was
obtained from all participants. For adults with DS, the parent or legally authorized
representative completed the questionnaire. Then anthropometric variables were
measured. Thereafter, participants practiced all procedures for the following two data
collection sessions. Each participant with and without DS wore all data collection
equipment, including four accelerometers and a portable spirometer. At the end of the
familiarization session, the remaining two data collection sessions were scheduled.
Data Collection Sessions
During the two data collection sessions, adults with and without DS wore all data
collection equipment and complete a set of activities or sedentary behaviors. Each
activity or sedentary behavior lasted six minutes and activities were separated by six
minutes of sitting. Participants completed a total of 12 activities or sedentary behaviors;
half of them took place during the first session and half during the second. During the
first data collection session, participants completed the following six activities: (1)
standing; (2) walking at the preferred pace; (3) walking at 1.61 m . s-1 (5.8 km . hr-1); (4)
15

walking at 2.77 m . s-1 (10.0 km . hr-1); (5) moving a box weighing 3.5 kg between two
carts 6 m away from each other; (6) dribbling a basketball for 6 m and passing to research
staff. Activities conducted during the second data collection session included: (1) sitting
quietly; (2) playing games on a tablet; (3) drawing on a pad with markers; (4) folding
clothes and putting them in the basket; (5) sweeping; and (6) completing a fitness circuit.
The fitness circuit included the following exercises: shoulder raises, squats, biceps curls,
jumping over a line, shoulder rows, and step-ups. Each exercise will be performed for ten
repetitions.
Health History Questionnaire
The health history questionnaire was filled out during the familiarization session
for adults with and without DS. The purpose of administering the questionnaire was to
gather subjective data on each participant pertaining to health and physical activity
habits. This information allowed us to better describe our samples of adults with and
without DS.
Anthropometrics
We measured height with a stadiometer (CE 0123; Seca, Chino, CA) and weight
with a scale (CE 813; Seca, Chino, CA). The body mass index (BMI) was calculated as
weight . height-2 (kg . m-2). We also measured each participant’s leg length as the distance
from the greater trochanter to the floor during standing with knees extended and shoes on
with a Gulick tape measure. We also measured the waist circumference at the narrowest
part of the waist and the hip circumference at the widest point. The waist-to-hip ratio was
then calculated.
Accelerometer Data
16

Accelerometer output during a set of physical activities and sedentary behaviors
was recorded over the course of two data collection sessions for each participant with or
without DS. We obtained data with two tri-axial accelerometers (wGTX-BT, Actigraph,
Pensacola, FL). One accelerometer was placed on the non-dominant wrist and one on the
non-dominant hip. The dimensions of the wGTX-BT accelerometer are 4.6cm x 3.3cm x
1.5cm with a mass of 19 g. Tri-axial acceleration data will be sampled at 100 Hz.
Accelerometer data was processed with the Actilife software (version 6.13.3). The
primary variable of interest was the Vector Magnitude, in counts . min-1, which integrates
accelerations in all three axes.
Rate of Oxygen Uptake
During activities and sedentary behaviors, participants wore a portable open．
circuit spirometer (K4b2, Cosmed, Italy) to measure VO2. The spirometer was calibrated
．
before each data collection session based off manufacturer’s guidelines. Steady state VO2
was recorded in ml . kg-1 . min-1 as the average over the last three min of each activity or
sedentary behavior.
Statistical Analyses
．
We examined differences between groups in participant characteristics, VO2, and
Vector Magnitude from each accelerometer with independent samples t-tests. We used
．
multi-level regressions to examine the relationship between VO2 and hip- or wristaccelerometer output for adults with and without DS. We ran separate models for the hip．
and wrist-accelerometer output. The dependent variable in each model was the VO2
during the tasks. Primary independent variables (predictors) were the Vector Magnitude
and group (DS vs. non-DS). We also evaluated if BMI, age, height, and sex were
17

significant predictors because these variables were different between groups. We
evaluated the accuracy of the regression equation for each accelerometer with the
．
．
absolute percent error calculated as the absolute value of [(actual VO2 – estimated VO2) /
．
actual VO2] × 100. We examined differences in absolute error between placement sites
(hip vs. wrist) and groups (DS vs. non-DS) with 2 × 2 mixed-model ANOVA; we
conducted this statistical test for all tasks combined and for each task separately. We also
evaluated the accuracy of each regression equation with Bland-Altman plots (Bland &
Altman,1999).
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CHAPTER IV
RESULTS

The sample included 16 adults with DS (10 men and 6 women; age 31 ± 15 years)
and 19 adults without DS (10 men and 9 women; age 24 ± 6 years). Adults with and
without DS did not differ statistically in age and weight, but adults with DS had higher
BMI and shorter height than adults without DS (p ≤0.001; Table 1). Compared to adults
without DS, adults with DS had significantly higher VO2 for the fast walk and lower V
O2 for sitting, standing, drawing, folding clothes, sweeping, and the fitness circuit (p
≤0.049; Table 2); for all other tasks, there were no significant differences between
groups. Adults with DS also had significantly higher hip accelerometer Vector Magnitude
for the App and slow and fast walk, but lower for the fitness activity (p ≤0.024; Table 3);
there were no group differences for the remaining tasks. For the wrist accelerometer,
adults with DS had significantly higher Vector Magnitude for the slow and fast walk, but
lower for folding clothes and the fitness circuit (p ≤0.008; Table 3); there were no group
differences for the remaining tasks.
For both the hip and the wrist accelerometer, Vector Magnitude and group (DS
．
vs. Non-DS) were significant predictors of VO2 (p ≤0.021). However, when BMI was
added to the models, BMI was a significant predictor and the effect of DS was no longer
significant for both the hip- and the wrist-accelerometer models. Age, height, weight, and
19

sex did not contribute to the models. Thus, the final models included only Vector
Magnitude and BMI (p ≤0.001; R2 = 0.78 and 0.57, for hip- and wrist-accelerometer
model, respectively; Table 4 and Figure 1). The models included random intercepts, but
not random slopes.
For the hip accelerometer, absolute percent error across all tasks and for both
groups combined was 22.5 ± 27.4%, whereas for the wrist accelerometer error was 37.8 ±
38.0%. Absolute error across all tasks combined was higher for the wrist than the hip
accelerometer but did not differ between adults with and without DS as indicated by
significant main effect of placement (p <0.001; Table 5) and not significant effect of
group and interaction in mixed-model ANOVA. When mixed-model ANOVA was
conducted separately for each task, the main effect of placement was significant for all
tasks (p ≤0.032), except sweeping, walk at the preferred speed, slow walk, fast walk, and
basketball; the effect of group and the interaction was not significant. Thus, absolute
percent error was higher for the wrist than the hip accelerometer for most tasks except
those mentioned above and did not differ between adults with and without DS (Table 5).
The Bland-Altman plots indicated that the difference between actual and
．
predicted VO2 was on average nearly zero for both the hip- and the wrist-accelerometer
models and for both groups (Figure 1). However, agreement error had somewhat greater
95% confidence intervals for the wrist- than the hip-accelerometer models, but there were
similar between adults with and without DS.
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Table 1
Mean ± SD age and anthropometric variables of adults with Down syndrome (DS) and
adults without Down syndrome (Non-DS)
DS

Non-DS

Age (years)

31 ± 15

24 ± 6

Weight (kg)

80.1 ± 16.33

76.7 ± 18.7

Height (cm)

153.5 ± 7.8*

169.2 ± 8.0

BMI (kg∙m-2)

34.0 ± 5.9*

26.6 ± 5.3

Note. * = p ≤ 0.001 in independent-samples t-tests between DS and Non-DS
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Table 2
．
Mean ± SD rate of oxygen uptake (VO2) across physical activities and sedentary
behaviors in adults with Down syndrome (DS) and adults without Down syndrome (NonDS)
V̇O2
(ml·kg-1·min-1)
DS

V̇O2
(ml·kg-1·min-1)
Non-DS

Sitting

3.6 ± 0.8*

4.5 ± 1.2

Playing App

4.2 ± 1.1

4.7 ± 1.2

Drawing

4.4 ± 1.2*

5.4 ± 1.6

Folding Clothes

9.0 ± 2.1*

10.6 ± 2.3

Sweeping

10.9 ± 3.1*

13.3 ± 3.0

Fitness Circuit

14.8 ± 3.8*

24.0 ± 3.9

Standing

4.4 ± 1.3*

5.4 ± 1.2

Walking PWS

13.6 ± 3.0

15.3 ± 2.7

Walking Slow

11.2 ± 1.9

11.0 ± 1.4

Walking Fast

17.2 ± 2.8*

15.2 ± 2.0

3Moving Box

14.6 ± 3.1

15.2 ± 2.5

Playing Basketball

16.1 ± 5.2

17.6 ± 3.0

Note. * = p ≤ 0.049 in independent-samples t-tests between DS and Non-DS
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Table 3
Mean ± SD Vector Magnitude for the hip and wrist accelerometers across physical
activities and sedentary behaviors in adults with Down syndrome (DS) and adults without
Down syndrome (Non-DS)
Hip Vector Magnitude

Wrist Vector Magnitude

(counts‧min-1)

(counts‧min-1)

DS

Non-DS

DS

Non-DS

Sitting

102.1 ± 178.6

60.5 ± 95.2

1197.6 ± 1146.7

1592.8 ± 1417.5

Playing App

96.9 ± 77.3*

41.4 ± 56.0

2586.2 ± 2503.8

1542.3 ± 1966.0

Drawing

210.5 ± 268.0

219.3 ± 479.6

3943.4 ± 2990.0

3905.1 ± 2722.7

Folding Clothes

6118.0 ± 2729.4

6343.4 ± 1811.6

26144.6 ± 7635.5*

31717.6 ± 3740.0

Sweeping

6878.6 ± 2802.1

5832.3 ± 2158.6

22941.4 ± 7187.5

25666.9 ± 7128.2

10453.2 ± 3507.1*

16078.7 ± 3457.4

28815.0 ± 8113.6*

42620.1 ± 12019.7

217.8 ± 262.9

95.2 ± 88.1

979.3 ± 692.0

1557.6 ± 1612.0

Walking PWS

12514.5 ± 2253.1

11979.1 ± 3475.6

18228.1 ± 6980.9

15232.9 ± 5306.6

Walking Slow

10310.9 ± 2154.9*

7901.6 ± 1639.6

14872.2 ± 6539.2*

9043.8 ± 3673.6

Walking Fast

14722.4 ± 2483.4*

12859.0 ± 1632.3

28994.2 ± 11618.9*

17207.7 ± 5024.2

Moving Box

9957.5 ± 2454.3

10904.3 ± 5916.0

15135.2 ± 5325.8

17181.7 ± 7538.4

Playing Basketball

11430.0 ± 2725.4

11081.3 ± 3923.6

43570.5 ± 14473.7

49496.2 ± 19476.6

Fitness Circuit
Standing

Note. * = p ≤ 0.024 in independent-samples t-tests between DS and Non-DS;
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Table 4
Multi-level regression models predicting rate of oxygen uptake in ml·kg-1·min-1 from hipand wrist-accelerometer vector magnitude in adults with and without Down syndrome
Hip Accelerometer

Intercept *

Wrist Accelerometer

b

SE

b

SE

11.35777

0.94511

12.70438

0.96387

0.00091

0.00002

0.00027

0.00001

-0.21162

0.03030

-0.21191

0.03055

Vector Magnitude*
(counts‧min-1)
BMI*
-2

(kg·m )
Note: b = unstandardized coefficient; SE = standard error; * = p <0.001; R2 = 0.78 and
0.57, for hip- and wrist-accelerometer model, respectively.
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Table 5
．
Mean ± SD absolute percent error for predicting the rate of oxygen uptake VO2 using the
developed models for the hip and wrist accelerometers in adults with Down syndrome
(DS) and adults without Down syndrome (Non-DS)
Hip Accelerometer Absolute Error

Wrist Accelerometer Absolute

(%)

Error (%)

DS

Non-DS

DS

Non-DS

Sitting

27.4 ± 21.0

41.9 ± 62.6

62.7 ± 28.4

79.1 ± 79.2

Playing App

23.3 ± 20.4

30.8 ± 37.3

54.1 ± 39.0

66.7 ± 51.6

Drawing

26.7 ± 29.5

29.2 ± 62.5

56.2 ± 43.7

65.8 ± 82.0

Folding Clothes

21.4 ± 22.7

14.4 ± 18.4

12.7 ± 2.9

15.8 ± 1.8

Sweeping

23.9 ± 30.9

22.3 ± 11.5

24.4 ± 26.9

21.2 ± 23.1

Fitness Circuit

18.5 ± 19.7

17.0 ± 12.7

20.6 ± 15.4

22.8 ± 14.1

Standing

23.4 ± 18.5

22.6 ± 16.4

40.8 ± 38.4

46.6 ± 26.1

Walking PWS

23.3 ± 29.3

20.0 ± 14.1

27.4 ± 11.7

25.0 ± 12.3

Walking Slow

28.5 ± 26.5

22.4 ± 19.7

19.7 ± 10.5

15.3 ± 9.8

Walking Fast

15.2 ± 16.0

19.3 ± 16.6

26.2 ± 14.5

22.2 ± 10.1

Moving Box

17.8 ± 10.9

14.4 ± 13.5

32.5 ± 12.2

26.4 ± 12.3

Playing Basketball

16.4 ± 10.6

17.0 ± 9.4

24.8 ± 19.2

19.6 ± 14.7

All Tasks

22.2 ± 22.1

22.8 ± 31.3

36.2 ± 29.4

39.3 ± 44.6

Note. There were no statistically significant differences between DS and Non-DS
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Figure 1.
Regressions of Vector Magnitude on rate of oxygen uptake (VO2)．(top
panels) and Bland-Altman plots of the difference between actual and estimated VO2 in
adults with Down syndrome (DS) and adults without Down syndrome (Non-DS). The
left panels are for the hip accelerometer and the right panels for wrist accelerometer. In
the Bland-Altman plots, solid and dotted lines are means and 95% limits of agreement,
respectively.
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CHAPTER V
DISCUSSION

．
The purpose of this study was to examine the relationship between VO2 and
output from hip- and wrist-worn triaxial accelerometers, and to evaluate the accuracy of
these accelerometers in adults with and without DS. Our findings suggest that the
．
relationship between VO2 and accelerometer output differs between adults with and
without DS, but this is due to differences in BMI between groups. Our findings also show
．
that both hip- and wrist-worn accelerometers are accurate in predicting VO2, with hipworn accelerometers being more accurate in prediction.
Adults with DS and adults without DS showed a different relationship between
．
VO2 and accelerometer output in the first model that included only Vector Magnitude and
DS as predictors. The effect of DS, however, was displaced by the inclusion of BMI for
．
both the hip and wrist models. Notably, BMI had a negative effect on VO2. These
．
findings contradict past research showing that adults with DS have higher VO2 at given
activity counts than adults without DS (Agiovlasitis et al., 2012). That past research,
however, utilized uniaxial accelerometers and the protocol included only walking at
different speeds. It is possible that triaxial accelerometers such as the one we used may
better capture movements occurring in axes other than the vertical. For example,
mediolateral motion during walking is greater in adults with DS than without DS and
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．
accounts for differences between groups in VO2 (Agiovlasitis et al., 2011; Agiovlasitis,
McCubbin, Yun, Widrick, & Pavol, 2015). But why did BMI account for the effect of DS
．
and why was BMI negatively associated with VO2? The answers to these questions may
be inferred by the following. First, resting metabolic rate when expressed per kg of body
weight is lower among people with higher BMI (Aadland & Anderssen, 2012; Raiber,
Christensen, Jamnik, & Kuk, 2016), and, in our study, the group of adults with DS had
higher BMI than adults without DS. This may extend to other low energy expenditure
．
behaviors. To this end, we noted that adults with DS had lower VO2 than those without
DS during sitting, standing, and folding clothes activities. Second, previous studies used
uniaxial accelerometers, which have problems tracking activity counts as BMI increases,
due to the accelerometer tilting (Aadland & Anderssen, 2012). Kamada showed similar
results with vector magnitude and activity counts between hip and wrist accelerometers in
a study evaluating physical activity in elderly women (Kamada, Shiroma, Harris, & Lee,
2017). Both hip and wrist accelerometers showed similar relationships between vector
magnitude and BMI.
．
Prediction of VO2 was more accurate for hip-worn than wrist-worn
accelerometers as shown by the percent of explained variance (R2), absolute error, and
Bland-Altman plots. These results agree with previous research showing that hip-worn
．
uniaxial accelerometers are more accurate in predicting VO2 than wrist-worn
accelerometers in adults with and without DS (Agiovlasitis et al., 2011; Agiovlasitis et
al., 2012). Absolute percent error for the hip-worn accelerometer across all tasks and for
both groups combined was 22.5 ± 27.4%, whereas the wrist accelerometer error was 37.8
± 38.0% with no difference between adults with and without DS. The decreased accuracy
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of the wrist-worn accelerometer is possibly due to the variability of hand movements
during sedentary behaviors and physical activities. Similar observations have been seen
in a study of sedentary behavior of children with hip- and wrist-worn accelerometers
(Kim, Lee, Peters, Gaesser, & Welk, 2014). Furthermore, the Bland-Altman plots showed
．
nearly zero difference between actual and predicted VO2 between adults with and without
DS. Agreement error for 95% confidence intervals were greater in wrist-worn
accelerometers compared to hip-worn accelerometers possibly due to these unexpected
limb movements during activity (Zhang, Rowlands, Murray, & Hurst, 2011).

The results of this study may be important for future study of physical activity
assessment in adults with DS. The results demonstrate that there are not necessarily
．
significant differences in the estimation of VO2 between adults with and without DS for
given activities, but primarily for adults with higher vs. lower BMI levels. BMI can easily
be determined. Therefore, clinicians and researchers may assess the amount and intensity
of physical activity in adults with DS and without DS using Vector Magnitude and BMI.
The results of this study also show the accuracy of hip and wrist-worn accelerometers for
．
prediction of VO2 based on vector magnitude. This study also shows that clinicians and
researchers should prefer, whenever feasible, hip- over wrist-worn accelerometers for
estimating levels of physical activity and sedentary behavior in adults with DS. However,
wrist-worn accelerometers also have merit. The ability to provide accurate physical
activity assessment using triaxial accelerometers may aid in the development of
appropriate physical activity programs in adults with DS.
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This study had several limitations to consider. The sample size of this study was
smaller than desired, with only 16 adults with DS and 19 adults without DS. Furthermore,
the study employed a convenience sample and generalizations to the larger population of
adults with DS should be made in the light of this fact. While there were more tasks
observed in this study compared to previous studies, there still could be more activities to
better observe activity patterns in adults with DS. Only one type of accelerometer was
used for the recording of data, while other studies included both uniaxial and triaxial
accelerometers for physical activity assessment. Strengths of this study include the
inclusion of various physical activities but also sedentary behaviors. Multi-level
regression also was a strength because it accounts for correlated observations within
participants.

Future research would benefit from recruiting a larger sample size for adults with
DS. Another benefit to future study in this area would be to compare triaxial and uniaxial
accelerometer activity counts in adults with DS across sedentary, occupational, exercise,
and walking activities. Additional research is needed to look at the relationship between
．
VO2 and vector magnitude in adults with DS. This study showed mixed results towards
．
the trend of VO2 based on activity counts using triaxial accelerometers in adults with DS.
．
Further research also is needed to look into the relationship between BMI and VO2 in
adults with DS. Finally, examining the accuracy of additional accelerometer types and
placement sites may benefit the future study of physical activity assessment in adults with
DS.
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In conclusion, BMI and Vector Magnitude derived from a hip- or wrist-worn
．
Actigraph triaxial accelerometer predict VO2 across various physical activities and
sedentary behaviors in adults with and without DS. Accuracy of the prediction is better
for the hip- than the wrist-worn accelerometer.
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Page 1 of 3
Health History Questionnaire
Participant I.D. #: _______________
Date of Birth: ___/___/___

D ate:

Age: ______

___/___/___

Sex: ___________

If you have any questions regarding specific items, please ask the researcher for
clarification
1. Does the participant have any of the following? Please mark the appropriate box with an X
Don’t
Condition

YES

Congenital heart disease
Gastrointestinal malformation
Other gastrointestinal problems
Atlanto-axial instability
Autism
Hearing problems
Vision problems
Dental problems
Thyroid disease
Hematologic problems
Celiac disease
Hirschprung disease
Allergies
ADD/ADHD
Emotional problems
Low self-esteem
Preoccupation with weight
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NO

Know

Mississippi State University
Informed Consent Form for Participation in Research
Informed Consent for Persons with Down Syndrome
Title of Research Study: Objective Physical Activity Assessment in Persons with and
without Down Syndrome
Study Site: Mississippi State University
Researchers: Stamatis Agiovlasitis, Mississippi State University
Purpose
We are doing a research study. We want to learn more about physical activity in
persons with Down syndrome.
Procedures
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o

o
o
o

We are asking you to participate in a study.
Your parent or guardian knows about this study.
The researchers want to study your physical activity.
You will come to MSU 3 times.
Each visit will last 1 hour and 45 minutes.
At least 2 researchers will be present during the study.
On the first visit, you will learn and practice everything about testing.
You should avoid food and caffeine for 3 hours before testing.
You should avoid exercise for 24 hours before testing.
You should wear light clothing.
You will wear a strap on your chest and a strap around your waist.
You will also wear 2 accelerometers on your wrists like watches.
You will also wear a breathing mask and a machine that measures your breathing.
The breathing mask allows you to breathe normally.
Testing will happen during the last 2 visits.
We will measure your height, weight, leg length, and the area around your waist and
around your hips.
You will also do 12 activities:
1. Sit quietly
2. Play a game on a tablet
3. Draw pictures on a pad
4. Fold clothes and put them in a basket
5. Sweep the floor
6. Exercise circuit
7. Stand quietly
8. Walk at your preferred walking speed
9. Walk at 1.8 mph
10. Walk at 3.1 mph
11. Move a box 7.7 lbs.
12. Dribble a basketball and pass it to research staff
You will do the first 6 activities on the 2nd visit and the rest on the 3rd visit.
Each activity will last 6 minutes.
You will rest for 6 minutes after each activity.

Page 1 of 3
Version: 08/31/2016
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Mississippi State University
Informed Consent Form for Participation in Research
Informed Consent of Persons without Down Syndrome
We would like to ask you to participate in a research project. This form provides
you with information about the project. Please read the information below and
ask any questions you might have before deciding whether or not to participate.
Title of research project: Objective Physical Activity Assessment in Persons with and
without Down Syndrome
Site of research project: Mississippi State University
Researcher: Stamatis Agiovlasitis, Mississippi State University
Purpose
The purpose of this research project is to validate accelerometers and pedometers as
methods of physical activity assessment in persons with and without Down syndrome.
Eligibility
Participants in this study must meet the following criteria: (1) age 18-60 years-old; (2)
ability to walk at a comfortable pace for about 6 minutes without an assistive device; (3)
no limitations to participating in physical activity; (4) ability to understand the procedures.
Procedures
If you agree to participate in this research project, we will ask you to do the following
things.
You will attend 3 testing sessions within 4 weeks. Each session will last a maximum of 1
hour and 45 minutes. You will be asked to avoid food and caffeine for 3 hours, and
exercise for 24 hours before each session. During each session, you will wear
comfortable, but not heavy clothing (for example, no jacket). During the first session,
you will become familiar with all testing equipment and procedures. Actual testing will
occur during the final 2 sessions.
At the beginning of the first session, you will complete a health history questionnaire.
Then, you will wear a heart rate monitor secured with a strap on your skin around the
chest. You will also be connected to a device that is used for measuring the energy
expenditure. This device is secured in the chest area over clothes with a special “vest”
and it interfaces with you through a breathing mask. This mask does not restrict
breathing. Thereafter, you will wear two accelerometers and two pedometers secured at
waist-level with a strap over clothing. You will also wear an additional accelerometer on
your right wrist and one on your left wrist. These devices will be worn on the wrists with
straps like watches.
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Mississippi State University
Informed Consent Form for Participation in Research
Permission by Parents/Guardians of Persons with Down Syndrome
We would like to ask you to allow your dependent to participate in a research
project. This form provides you with information about the project. Please read
the information below and ask any questions you might have before deciding
whether or not to allow your dependent to participate.
Title of research project: Objective Physical Activity Assessment in Persons with and
without Down Syndrome
Site of research project: Mississippi State University
Researcher: Stamatis Agiovlasitis, Mississippi State University
Purpose
The purpose of this research project is to validate accelerometers and pedometers as
methods of physical activity assessment in persons with Down syndrome.
Eligibility
Participants in this study must meet the following criteria: (1) Diagnosis of Down
syndrome; (2) age 18-60 years-old; (3) ability to walk at a comfortable pace for about 6
minutes without an assistive device; (4) no limitations to participating in physical activity;
(5) ability to understand the procedures.
Procedures
If you agree to allow your dependent to participate in this research project, we will ask
your dependent to do the following things.
Your dependent will attend 3 testing sessions within 4 weeks. Each session will last a
maximum of 1 hour and 45 minutes. Your dependent will be asked to avoid food and
caffeine for 3 hours, and exercise for 24 hours before each session. During each
session, your dependent will wear comfortable, but not heavy clothing (for example, no
jacket). During the first session, your dependent will become familiar with all testing
equipment and procedures. Actual testing will occur during the final 2 sessions.
At the beginning of the first session, you will complete a questionnaire on the health
history of the participant. Then, your dependent will wear a heart rate monitor secured
with a strap on her/his skin around the chest. She/he will also be connected to a device
that is used for measuring the energy expenditure. This device is secured in the chest
area over clothes with a special “vest” and it interfaces with the participant through a
breathing mask. This mask does not restrict breathing. Thereafter, your dependent will
wear two accelerometers and two pedometers secured at waist-level with a strap over
clothing. She/he will also wear an additional accelerometer on her/his right wrist and
one on the left wrist. These devices will be worn on the wrists with straps like watches.
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Mississippi State University
Assent Form for Participation in Research
Assent for Persons with Down Syndrome
Title of Research Study: Objective Physical Activity Assessment in Persons with and
without Down Syndrome
Study Site: Mississippi State University
Researchers: Stamatis Agiovlasitis, Mississippi State University
Purpose
We are doing a research study. We want to learn more about physical activity in
persons with Down syndrome.
Procedures
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o

o
o
o

We are asking you to participate in a study.
Your parent or guardian knows about this study.
The researchers want to study your physical activity.
You will come to MSU 3 times.
Each visit will last 1 hour and 45 minutes.
At least 2 researchers will be present during the study.
On the first visit, you will learn and practice everything about testing.
You should avoid food and caffeine for 3 hours before testing.
You should avoid exercise for 24 hours before testing.
You should wear light clothing.
You will wear a strap on your chest and a strap around your waist.
You will also wear 2 accelerometers on your wrists like watches.
You will also wear a breathing mask and a machine that measures your breathing.
The breathing mask allows you to breathe normally.
Testing will happen during the last 2 visits.
We will measure your height, weight, leg length, and the area around your waist and
around your hips.
You will also do 12 activities:
1. Sit quietly
2. Play a game on a tablet
3. Draw pictures on a pad
4. Fold clothes and put them in a basket
5. Sweep the floor
6. Exercise circuit
7. Stand quietly
8. Walk at your preferred walking speed
9. Walk at 1.8 mph
10. Walk at 3.1 mph
11. Move a box 7.7 lbs.
12. Dribble a basketball and pass it to research staff
You will do the first 6 activities on the 2nd visit and the rest on the 3rd visit.
Each activity will last 6 minutes.
You will rest for 6 minutes after each activity.
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